Mothers can adjust the phenotype of their offspring to the local environment through a 4 modification of their egg investment and/or nestling provisioning. However, offspring health 5 may be severely impaired if the conditions experienced by nestlings do not match with those 6 anticipated by the mother. If maternal effects differentially affect the sexes or if one sex is 7 more strongly affected by an environmental stressor, fitness benefits may also differ between 8 male and female offspring. Here, we study maternal effects in male and female great tit 9 (Parus major) nestlings by means of an ectoparasite treatment before egg-laying combined 10 with a partial cross-foster experiment between broods of infested and uninfested nests. 11
Maternal effects reduce oxidative stress in female nestlings under high parasite load
Maternal effects can act on a broad range of offspring morphological and physiological traits 52 (e.g. Todd et al. 2011 , Marshall 2008 , Naguib and Gil 2005 . However, to the best of our 53 knowledge, evidence for maternal effects on offspring oxidative stress is still lacking, despite 54 the fact that persistent oxidative stress can contribute to ageing and various disorders 55 (Harman 1956, Finkel and Holbrook 2000) . Oxidative stress is defined as the rate at which 56 oxidative damage to biomolecules is generated after the exposure to reactive species that are 57 e.g. produced in the body as a result of oxidative metabolism (Costantini and Verhulst 2009 , 58 induced maternal effects. Furthermore, the sensitivity to fleas is sex-specific with male 85 nestlings being more negatively affected (Tschirren et al. 2003) . By combining a cross-foster 86 experiment with a parasite treatment, we did not only maximize differences between pre-and 87 post-hatching environments of exchanged nestlings, but were also able to study whether, and 88 to what extent, effects of cross-fostering were larger in stressful environments. We first tested whether nestling plasma ROMs and OXY were related to body size and body 218 mass by means of general linear mixed models (LMMs), thereby also including sex and the 219 two-way interaction with sex whenever significant (model 1-4; Table A1 ). 220
We then tested whether nestling plasma ROMs, OXY, body size and body mass differed 221 between matching and mismatching pre-and post-hatching environments by means of 222
LMMs. Models also included sex and post-hatching treatment wherever these factors were 223 significant (model 5-8; Table A1 ). 224
We also tested whether post-hatching treatment and sex effects (and two-factor interactions) 225 on ROMs, OXY, body size and body mass differed between individuals exposed to matching 226 or mismatching environments by means of contrast statements (model 9-12; Table A1 ). To 227 correct for multiple testing, a sequential Bonferroni-type correction was applied to the P-228 values (Holm 1979 ). Three-factor interactions were not modelled due to lack of power as a 229 consequence of our complex experimental design in relation to the sample size. In particular, 230 the power for detecting the observed differences (see Results section) at the 5% level of 231 significance is 35% and 50% for ROM and OXY levels, respectively (Verbeke and 232
Molenberghs 2000). All models with ROMs as response variable (model 5 and 9; Table A1)  233 were controlled for body size as both variables were related (see model 1 and Results). 234
Finally, we tested whether post-hatching treatment and sex effects (and two-factor 235 interaction) on post-fledging survival differed between individuals exposed to matching or 236 mismatching environments (model 13, Table 1A ), whether OXY and ROM levels were 237 related to post-fledging survival and whether this relation was affected by nestling sex (model 238 14, Table 1A ). We therefore applied two generalized linear mixed models with logit link and To ascertain that any possible sex effect was not simply caused by parasitized-induced 243 changes in nest sex ratio or by partial cross-fostering inducing a sex-ratio shift, we fitted two 244 generalized linear models with logit link. Sex ratio in the nest of origin or rearing was thereby 245 considered as the response of interest and pre-hatching or post-hatching treatment as 246 explanatory variable, respectively (models 15-16, Table A1 ). However, when pre-and post-hatching environments were different, no sex-specific 270 differences were found in relation to post-hatching treatments (F 1,361 = 0.17, P = 0.68; Fig. 2) . 271
When comparing ROM levels of daughters among environments, we found that the lowest 272 ROM levels occurred in parasitized daughters developing in matching environments (Fig. 2) . 273
These levels tended to be lower than those of unparasitized daughters in matching 274 environments (F 1,160 = 3.80, P = 0.053; Fig. 2 ), and were significantly lower than those of 275 parasitized (F 1,137 = 6.05, P = 0.031; Fig. 2 ) and unparasitized (F 1,189 = 10.30, P = 0.005; Fig.  276 2) daughters in mismatching environments. In sons, ROM levels tended to differ between 277 parasitized and non-parasitized individuals developing in matching environments (F 1,196 = 278 3.53, P = 0.062; Fig. 2 ), but not among other groups (all P > 0.23). Neither nest of origin nor 279 nest of rearing explained a significant part of the total variability in ROMs (both P > 0.33). 280
Finally, ROM levels negatively covaried with body size (estimate ± SE: -1.67 ± 0.62; F 1,250 = 281 7.29; P = 0.0073) while correcting for offspring sex (P = 0.021). This effect was mainly 282 caused by a negative relation between body size and ROM in daughters (estimate ± SE: -1.90 283 SE: -1.41 ± 0.89; F 1,325 = 2.50; P = 0.12). Body mass was not related with ROM levels (P = 285 0.55). 286 FIGURE 2 ABOUT HERE 287
288
With respect to OXY levels, the effect of the post-hatching treatment differed between both 289 sexes when pre-and post-hatching environments matched (F 1,370 = 8.21, P = 0.009): OXY 290 levels of sons were higher than those of daughters in uninfested nests (F 1,370 = 5.85, P = 291 0.032; Fig. 3 ), whereas OXY levels of daughters tended to be higher in infested nests (F 1,370 292 = 2.75, P = 0.098; Fig. 3 ). Comparing OXY levels among environments within each sex, 293 OXY levels of daughters were higher in infested than in uninfested nests (F 1,370 = 5.02, P = 294 0.026; Fig. 3 ), whereas OXY levels of sons tended to be lower in infested nests (F 1,370 = 3.31, 295 P = 0.069; Fig. 3 ). In contrast, when pre-and post-hatching environments did not match, the 296 effect of the post-hatching treatment did not depend on the sex (F 1,370 = 0.00, P = 0.99), 297 neither did OXY levels differ between matching or mismatching environments when 298 averaged over both sexes and post-hatching treatments ( F 1,376 = 0.38; P = 0.54). Neither nest 299 of origin nor nest of rearing explained a significant part of the total variability in OXY (both 300 P = 1). Body size was not related to OXY levels (P = 0.79). Yet, the interaction between 301 body mass and sex on OXY levels was marginally significant (P = 0.055) with OXY levels of 302 female daughters tending to increase with body mass (estimate ± SE: 4.72 ± 2.42; F 1,373 = 303 3.80; P = 0.052), while such an effect was not observed in sons (P = 0.44). 304 (17 316 and 23%) explained a significant part of the total variance in body size and mass, respectively 317 (all P < 0.017). Finally, post-fledging survival tended to be higher in daughters (F 1,289 = 3.19; 318 P = 0.075), but this trend was independent of the level of matching of pre-and post-hatching 319 environments, the post-hatching treatment or OXY and ROM levels (all P > 0.11). 320
FIGURE 4 ABOUT HERE 321 322
Sex ratios within nests of origin were not affected by the parasite treatment, nor was there 323 any relation between the parasite treatment and the sex ratio after partial cross-fostering (both 324 P > 0.41). 325
Discussion 327
Being raised in a foster nest may reduce an organism's condition and health status. Here, we 329 found that ROM levels of great tit nestlings were higher after cross-fostering. This was 330 mainly caused by the fact that daughters that were raised in their own nest showed lower 331 ROM levels, but only if they were exposed to parasites, than daughters from all other 332 treatment combinations. These daughters also showed lower ROM levels and tended to show 333 higher OXY levels than sons under matching high parasite pressure. Oxidative stress levels 334 were hence lowest (i.e. lowest ROM levels and high OXY levels) in daughters that developed 335 in their own parasite-infested nests. On the contrary, under matching low parasite pressure, 336 there was no difference between the sexes in ROMs, but daughters showed lower OXY levels 337 than sons. Sons that stayed in their own nest hence experienced slightly less oxidative stress 338 then daughters when reared under low parasite exposure. Oxidative stress levels of nestlings 339 reared in a foster nest were relatively high and did not differ between the sexes or parasite 340 treatments. Also, other measures of nestling health status, such as body mass, were not, or 341 only slightly, affected by cross-fostering and parasite exposure. 342
343
The observation that oxidative stress levels are somewhat lower when offspring are reared by 344 their own mother suggests the occurrence of maternal effects, though our results showed that 345 the outcome of such maternal effects depends on offspring sex and environmental conditions 346 (here, whether or not exposed to parasites). As parasitized mothers had already been exposed 347 to parasites before egg-laying, the maternal effect may be caused by a parasite-induced indicate that higher oxidative stress levels in sons might also be a result of sex-specific 373 differences in food intake, despite the absence of evidence that parents can effectively 374 discriminate between daughters and sons while feeding (Michler et al. 2010) . 375 A parasite-induced maternal effect that protects great tit offspring from the adverse effects of 377 parasites has previously been suggested as nestlings from flea-exposed mothers were heavier 378 and grew faster than those of unexposed ones in the presence of fleas (Buechler et al. 2002 , 379 Heeb et al. 1998 ). However, in our study, effects of poor phenotype-environment matching 380 and the parasite treatment were not observed on nestling body mass or size. Furthermore, 381 post-fledging survival was not affected by any of both treatments, nor was it related to 382 oxidative stress levels. These results suggest that negative consequences of parasite exposure 383 on the offspring were rather low and the lack of carry-over effects of parasites during 384 between investment in growth and oxidative stress coping. Rather, these relations suggest that 416 all these characteristics reflect nestling condition. Particularly, daughters in good condition 417 seem able to maintain low oxidative stress levels despite simultaneous investments in body 418 size and mass, which is known to lead to increased metabolic activity and free radical 419 production (reviewed in Balaban et al. 2005) . Possibly, an elevated production of 420 antioxidants helps daughters to actively buffer against an increased free radical production. 421
422
Despite the higher ROM levels in nestlings that developed in a foster nest, parasite exposure 423 did not affect any of the measures of nestling health status when a nestling developed in a 424 foster nest, nor did both sexes respond differently. This suggests that there are no additional 425 costs of post-hatching parasite exposure when reared in a foster nest, presumably because 426 negative effects of parasite exposure were low compared to those of cross-fostering. 427
However, because of our experimental design, all translocated nestlings were exposed to 428 parasites in some life-stage, i.e. before or after hatching. The latter (i.e. parasitized nestlings 429 from mothers that were not exposed to parasites) might be negatively affected because they 430
were not prepared to a parasitic environment by their mother, possibly resulting in a lower 431 parasite tolerance (Heeb et al. 1998 
